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Abstract: This study provides a first attempt at quantifying potential signal bending effects on the GPS reference 
frame, coordinates and zenith tropospheric delays (ZTDs). To do this, we homogeneously reanalysed data from 
a global network of GPS sites spanning 14 years (1995.0-2009.0). Satellite, Earth orientation, tropospheric and 
ground station coordinate parameters were all estimated. We tested the effect of geometric bending and dTEC 
bending corrections, which were modelled at the observation level based, in part, on parameters from the 
International Reference Ionosphere 2007 model. Combined, the two bending corrections appear to have a 
minimal effect on site coordinates and ZTDs except for low latitude sites. Considering five days  (DOY 301-
305, 28 October - 1 November 2001) near ionospheric maximum in detail, they affect mean ZTDs by up to 
~1.7mm at low latitudes, reducing to negligible levels at high latitudes. Examining the effect on coordinates in 
terms of power-spectra revealed the difference to be almost entirely white noise, with noise amplitude ranging 
from 0.3mm (high latitudes) to 2.4mm (low latitudes). The limited effect on station coordinates is probably due 
to the similarity in the elevation dependence of the bending term with that of tropospheric mapping functions. 
The smoothed z-translation from the GPS reference frame to ITRF2005 changes by less than 2mm, though the 
effect combines positively with that from the second order ionospheric refractive index term. We conclude that, 
at the present time, and for most practical purposes, the geometric and dTEC bending corrections are probably 
negligible at current GPS/reference frame precisions.  
Keywords: ionospheric propagation, GPS, signal bending, higher-order ionospheric terms, 
refractive index 
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1. Introduction 
GPS signals transiting the ionosphere are affected by changes in the refractive index due to 
the free electrons in the medium. Changes in the refractive index affect the velocity of the 
waves, causing the well known effects of first-order ionospheric phase advance and group 
delay (see e.g. Hofmann-Wellenhof et al., 2001). The first order term is usually removed by 
forming the ‘ionosphere free’ linear combination (LC). The higher order ionospheric terms 
from the expansion of the refractive index as a series are much smaller and less well known, 
but the second and third order terms are starting to be applied in precise geodetic processing 
(e.g. Steigenberger et al., 2006), as they do not cancel in the LC combination. 
 
However, when phase and group velocity are affected, the ray direction is also affected, 
unless the ray is travelling perpendicular to the gradient in ionospheric refractive index. Thus, 
changes in refractive index also lead to signal or ray bending, which in turn affects the path 
length. As the size of the effect is orders of magnitude smaller than the first order ionospheric 
effect, it can be considered as one of the higher order ionospheric errors, in addition to the 
extra terms in the expansion of the refractive index as a series.  
 
The theory behind signal bending has been understood for some time. Hartmann and 
Leitinger (1984) include a geometric bending or curvature term as part of their analysis of 
residual errors due to ionospheric and tropospheric effects for frequencies above 100MHz. 
Brunner and Gu (1991) also include bending effects in their study comparing three 
dimensional ray tracing with their suggested model. Jakowski et al. (1994) study the 
geometric bending effects on the signal and suggest a simplified approach. Hoque and 
Jakowski (2008) consider the theory behind the bending corrections. They provide an 
updated empirical formula for the geometric bending term and suggest an additional term due 
to the difference in Total Electron Content (TEC) between the two signal paths. This dTEC 
bending term arises because the GPS L1 and L2 signals are bent by different amounts, due to 
their frequency difference, and hence travel by slightly different paths through the 
ionosphere. As the bending corrections are highly elevation dependent (see e.g. Hoque and 
Jakowski, 2008), there is a possibility that they could map into GPS-determined scale or 
zenith tropospheric delay parameters if not modelled. 
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Despite the above information, practical studies applying higher order ionospheric 
corrections to GPS to date have focused on the second order (Kedar et al., 2003; Hernandez-
Pajares et al., 2007) or second and third order (Bassiri and Hajj, 1993; Fritsche et al., 2005; 
Petrie et al., 2010) refractive index expansion terms. This is mainly due to the difficulties of 
having sufficient data to model the bending corrections. While the second order effect can be 
estimated using Total Electron Content (TEC), to apply bending terms requires further 
knowledge about the distribution of the electron content in the ionosphere, which is not easy 
to obtain in general cases.  
 
In this paper we apply the empirical equations formulated and tested by Hoque and Jakowski 
(2008) using, as an initial means of investigation, the International Reference Ionosphere 
(IRI) 2007 (Bilitza and Reinisch, 2008) to supply the additional ionospheric data. We use the 
IRI2007 model as a tool to examine the potential size of bending effects on GPS parameters 
and coordinates, but, as the IRI is a climatic model of the ionosphere providing monthly 
average parameter estimates, we do not expect this method to produce completely accurate 
corrections on fluctuations that may be seen at higher temporal scales. 
 
2. Geometric and dTEC bending corrections 
Our geometric bending correction uses the empirical formula derived by Hoque and Jakowski 
(2008). The excess path length in metres due to geometric bending, dg, is (with slightly 
altered notation) as follows,  
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where STEC is slant TEC in TEC units (1 TECU = 10
16
 electrons /m
2
, β the elevation in 
radians, f the signal frequency in GHz, and F2 layer scale height, HF2, and peak ionisation 
height, hmF2, are in kilometres. 
 
Hoque and Jakowski (2008) derived Eqn. (1) using raytracing calculations. They used data 
from CHAMP profiles to check the accuracy of the correction formula and found that Eqn. 
(1) corrected on average about 70% of the error left, after the ‘ionosphere free’ linear 
combination had been performed.  
As they suggest, we use another of their formulae to calculate HF2: 
4 
2
2 2 2
2 exp 1
cos
m E m
m E h E
HF h R N
STEC
h R R R
. ( 2 )  
where Nm is peak electron density in electrons m
-3
. The height of the peak density, hm, 
receiver altitude, Rh, and mean radius of the Earth, RE, are in consistent units, and STEC, HF2 
and β are as defined for Eqn. (1). As our initial input is vertical TEC (VTEC), we consider 
the vertical case (β=pi/2) and the formula simplifies and rearranges to: 
1exp2
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As the aim is to get an estimate of the shape of the ionosphere from the IRI2007 model, we 
use VTEC from the IRI2007 when evaluating Eqn. (3) rather than interpolating from global 
maps of VTEC computed from GPS data (IONEX files). The resulting value for HF2 can then 
be used in Eqn. 1.  
The geometric bending correction for the ‘ionosphere-free’ combination LC is then as 
follows, (where dg1 and dg2 represent Eqn. 1 evaluated for the L1 and L2 frequencies 
respectively): 
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In addition to the geometric bending effect, Hoque and Jakowski (2008) also describe a TEC 
difference (dTEC) bending term. It occurs because the L1 and L2 signal paths are not the 
same due to the frequency dependence of the geometric bending causing differences in 
curvature. Thus, the TEC experienced by each signal is not the same. The dTEC error term is 
effectively due to the first order refractive index effect not cancelling completely in the 
‘ionosphere-free’ linear combination: 
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where ρ is the geometric distance. The empirical formula for the excess TEC in addition to 
the line of sight or slant TEC (STEC), derived by Hoque and Jakowski (2008) (here with 
slightly altered notation),  is as follows, for each frequency fi: 
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where ΔTECi is in electrons/m
2
 if HF2 and hmF2 are in kilometres, fi in Hz, STEC in 
electrons/m
2
 and elevation, β, in radians. 
 
Hoque and Jakowski (2008) then derive from Eqn. 5 the remaining error due to dTEC 
bending in metres after the ‘ionosphere-free’ linear combination is performed, ΔdTEC, as: 
2 1
2 2
1 2
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d
f f
. ( 7 ) 
Hoque and Jakowski (2008) found from a comparison with CHAMP profiles that on average 
about 65% of the TEC difference bending error was corrected with this formula. 
 
We recall that Hoque and Jakowski (2008) noted that for carrier phase, the dTEC bending 
effect and the geometric bending effect are opposite in sign and hence partially cancel. 
Consequently, both effects should be modelled, as omission of one component may give 
misleading results. 
 
 
3. Sensitivity of bending corrections to ionospheric 
parameters 
In order to implement the equations for the geometric and dTEC bending errors described 
above, two extra parameters are required in addition to those used to implement the second 
order ionospheric effect. These parameters are the peak height of the F2 layer, hmF2, and the 
scale height of the F2 layer, HF2. The F2 layer of the ionosphere (~210-1000km in altitude) is 
the most dense and causes the majority of the ionospheric effects on GPS propagation 
(Klobuchar, 1996). For this study we have followed the suggestion of Hoque and Jakowski 
(2008), and used Eqn. 3 to estimate HF2 using VTEC and the peak electron density of the F2 
layer, Nm. 
Hoque and Jakowski (2008) recognized the difficulties in obtaining these parameters for 
general cases and suggested that for ΔdTEC, fixing  HF2 at 70km and hmF2 at 350km would 
remove about 80% error on average (when using a modelled ionosphere). However, in their 
comparison using CHAMP profiles, an average of 65% of ΔdTEC was corrected. This 
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comparison used varying values for HF2 and hmF2 obtained from radio occultation data, so it 
would seem likely that the correction would be less accurate if fixed values were used. 
 
To examine the sensitivity of the bending corrections to probable changes in these 
parameters, we performed a simple study. First, the variability of the parameters for a day at 
ionospheric maximum (DOY 301, 28 October, 2001) was assessed using the IRI2007 model. 
At 270 degrees longitude, the hmF2 ranged from 258 to 473km, and HF2 (calculated using 
Eqn. 3) ranged from 61 to 85 km (see Fig.1).  
 
We then used the ranges to look at the effects on the geometric and dTEC bending terms of 
changes in HF2 and hmF2 (see Table 1 and Figs 2a and 2b). As the above sample is limited, 
the ranges were expanded slightly to  250-500km for hmF2 and 55-90km for HF2. As 
validation that these ranges are reasonable representations for longer periods we note that 
Abdu et al. (2006) and Gulyaeva et al. (2008) show similar ranges for hmF2, though Abdu et 
al. (2006) show that it may fall below 250km at solar minimum and Gulayeva et al. (2008) 
note that ‘Maximum values of hmF2_top can reach altitudes above 500km at the 
geomagnetic equator at sunset for the equinox at solar maximum’. 
 
The LC bending terms were calculated for the extreme values in the ranges above, and for the 
suggested values of Hoque and Jakowski (2008) using a VTEC of 150 TECU. It can be seen 
that lower values of hmF2 and HF2 equate to increased bending terms and high values lead to 
a smaller correction (Table 1, Fig. 2c).  The fixed values suggested by Hoque and Jakowski 
(2008) are now seen to be a good approximation, falling midway between the two extremes. 
However, the combined bending correction for the LC phase observable, Δd bend, varies from 
~9-20 mm at ten degrees elevation for the parameter ranges tested above. This implies that 
using fixed values for hmF2 and HF2 could potentially lead to systematic errors in Δd bend, as 
hmF2
 
varies systematically with both latitude and time. For this reason, a source of varying 
hmF2 and HF2 parameters was needed for this study.  
 
The IRI ‘is the de facto international standard for the climatological specification of 
ionospheric parameters’ (Bilitza and Reinisch, 2008). Estimates of ionospheric data 
parameters for the geometric and dTEC corrections for this study were thus obtained from the 
IRI2007, using the default settings. This included using the URSI F peak model, as it is 
considered better than the CCIR model over the data sparse southern hemisphere and ocean 
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areas. The IRI2007 Fortran code (available from http://iri.gsfc.nasa.gov/) was adapted to be 
called by the GAMIT GPS processing software v10.35 (Herring et al., 2006). However, when 
considering the results in later sections, it should be noted that the IRI estimates of hmF2 and 
HF2 are not perfect. Due to ionospheric variability, deviations from monthly medians can 
reach 20-40% during quiet periods and even larger values during magnetic storms (Bilitza, 
2001). 
 
Since we require accurate sub-daily TEC for the GPS data analysis, we use TEC data from 
IONEX files provided by the Centre for Orbit Determination in Europe (CODE) (one of the 
IGS Ionosphere Associate Analysis Centres), for input to the bending terms rather than TEC 
data from IRI2007, as well as for calculation of the second and third order ionospheric 
effects. We use IRI2007 values for hmF2 and for determination of HF2 using Nm. 
 
4. GPS processing 
GPS data spanning 1995.0-2009.0 from the IGS (Dow et al., 2009) were processed using an 
adapted version of the GAMIT v10.35 processing software (Herring et al., 2006). The 
adapted software includes second and third order ionospheric terms as described in Petrie et 
al. (2010), with further modifications to include the higher order ionospheric bending terms 
outlined in the previous section. As the observation portion of the GAMIT GPS processing 
software models the individual L1 and L2 signals rather than the LC combination, a 
correction was added to the L1 and L2 modelled signals that would combine to produce the 
correct result when the LC combination was formed. The GPS data processing and reference 
frame alignment steps were also as described in Petrie et al. (2010). We note here that 
parameters including orbits were separately estimated for each modelling run and an 
elevation cut-off angle of 10 degrees was used. The reason this cut-off angle was selected is 
to avoid the issue of absolute antenna phase centres converted from relative antenna phase 
centres which have no information for elevations below 10 degrees. It is also the angle used 
by the majority of the IGS analysis centres for reprocessing.  
For this paper three processing runs were compared; run N, with no higher-order ionospheric 
corrections applied, run IG, including second and third order ionospheric corrections (using 
the International Geomagnetic Reference Field (IGRF) to calculate the second order 
correction) and finally novel run IGB, with the same processing features as run IG plus 
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ionospheric bending corrections implemented as described above. All runs processed odd 
days only, to minimise computer time. However, five consecutive days during ionospheric 
maximum were processed (DOY 301-305, 28 October – 1 November, 2001) to enable a 
closer look at effects of ionospheric bending on zenith tropospheric delays. These days were 
also processed with elevation cut-off angles of seven degrees and three degrees.  However, it 
should be noted that the sites processed do not necessarily have data down to these 
elevations. 
 
Noise analysis of the differenced (IGB-IG) coordinate time series was performed using 
Cheetah software (a later version of the CATS software (Williams, 2008) using a faster error 
analysis method described in Bos et al. (2008)).  
 
Global distribution of effects on signals  
This section attempts to give some indication of the size and global distribution of the 
bending corrections and contains plots for a sample day (DOY 301, 2001) during the last 
ionospheric maximum. As the corrections are time dependent, the data are shown on three 
plots, one for each third of the day. On each plot, the data points are plotted geographically at 
the ‘pierce point’ or point at which the GPS signal crosses a 450km high ionospheric ‘shell’. 
Accordingly, the horizontal distance between GPS site and pierce point increases as the 
elevation angle of the signal decreases.  
As VTEC is one of the major influences on correction size, Fig. 3a shows how the VTEC 
varies geographically and with time. Values shown are limited to areas sampled by the 
processing network active for that day. Notable features are the difference between the 
equatorial regions and higher latitudes, the generally high level of VTEC (with a maximum 
of over 180 TECU – a similar day during ionospheric minimum might have a maximum TEC 
of less than 50 TECU), and the shifting of the peak values through the day as the earth rotates 
and different sections of the atmosphere are exposed to direct solar radiation. 
  
The bending correction estimated for the LC observable is presented in a similar fashion (Fig. 
3b). While the combined LC bending correction is positive globally, Fig. 3b reveals that it is 
only in equatorial regions that it reaches over ~3mm. It is also apparent that even at 
ionospheric maximum, the bending corrections are severely limited in size over the majority 
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of the Earth’s surface (though the plots are for a sample day, and VTEC distribution will vary 
geographically to some extent). As a comparison, the size of the second order correction after 
forming the LC combination is shown in Fig. 3c. It can be seen that the second-order 
correction is quite different, both in size and in asymmetric distribution. It is generally 
positive in the Northern Hemisphere and negative in the Southern Hemisphere, with a much 
larger region having corrections greater than ~3mm in magnitude. 
 
Having modelled the ionospheric bending corrections and developed an idea of their size and 
global distribution, we now move on to an investigation of their effects when included in 
global GPS processing. 
 
5. Bending effects on zenith tropospheric delay 
To examine potential changes in the estimated zenith tropospheric delay parameters, the 
difference between the parameters from run IG and run IGB  were plotted for five 
consecutive days during ionospheric maximum (DOY 301-305 2001).  These days are during 
ionospheric maximum, when VTEC is large, and hence should be taken as a scenario where 
the effect on ZTD is near its maximum. Fig. 4a shows ZTD difference for three sites, chosen 
as representative for low (IISC), mid (GOLD) and high (MAW1) latitudes. The mean ZTD 
differences over the period are -1.21mm at IISC, -0.41mm at GOLD and -0.09mm at MAW1 
for the 10 degree cut-off angle used in the main processing runs. Mean ZTD differences for 
the same days, processed with a cut-off of 7 and 3 degrees respectively, were: -1.44mm, -
1.33mm (IISC), -0.41mm, -0.26mm (GOLD), and -0.10mm and -0.17mm (MAW1). While 
there is minor variability in the values of mean ZTD, it does not appear to vary systematically 
with elevation angle. 
A strong latitudinal effect is visible in the ZTD differences, which can be seen more clearly if 
the mean values for ZTD are plotted geographically (Fig. 5). Days where the site had a height 
uncertainty of >20mm were excluded from the mean, and sites shown in Fig. 5  have at least 
three days of data available post exclusion. There is a consistent negative bias, smaller at high 
latitudes and increasing towards the geomagnetic equator. We find that applying bending 
corrections causes a mean difference over the five days of up to ~-1.7 mm at equatorial sites.  
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The modelled values of Δd bend for the same three sites are plotted against elevation in Fig. 
4b, together with the VMF1 (Boehm et al., 2006) wet mapping functions (at the scale of Fig. 
4b it is hard to distinguish between the wet and dry VMF1 mapping functions). The elevation 
dependence of Δd bend appears similar to that of the VMF1 tropospheric mapping functions.  
 
If the median hourly values for Δd bend are plotted against the value of the wet VMF1 
mapping function at the median elevation, (Fig. 4c) the relationship can be seen more clearly. 
Finally, the difference in LC phase residuals from runs IG and IGB is plotted vs. elevation in 
Fig. 4d. In general, the phase residual difference appears to increase slowly as elevation angle 
decreases and is limited to approximately ± 2mm (± 3mm for IISC) except for signals with an 
elevation angle below ~30 degrees. MAW1 appears to show a systematic bias at low 
elevation angles, but the median values do not support this. 
 
6. Bending effects on GPS reference frame and 
coordinates 
Differencing transformations from the N, IG and IGB GPS reference frames to ITRF2005 
(Altamimi et al., 2007), we find modelling bending causes effects on the z-translation to 
ITRF2005 of up to ~2 mm in the data when 90 day Gaussian smoothing is applied (Fig. 6a). 
There appears to be a quasi annual oscillation during ionospheric maximum. The change is 
minor in comparison to the difference found due to modelling the second and third order 
terms (N-IG), of up to 10 mm (Fig. 6a, see also Petrie et al., 2010),  but it does reinforce the 
effect from the second order term, leading to a larger total effect. 
 
In contrast, while the difference due to modelling bending effects on the scale is also small 
(Fig. 6b), it appears to partially counteract that produced when modelling the second and 
third order effects, leaving the overall smoothed effect of modelling ionospheric terms at less 
than 0.025ppb (or ~0.16mm). 
 
Residual coordinate effects after the transformation from the differenced time series (IG-
IGB) are small. For the three years spanning ionospheric maximum (2001-2003), the mean 
difference at any site is less than ±0.3mm (Fig. 7). However, a pattern is apparent in the 
height component, with equatorial sites tending to have a negative difference and high 
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latitude sites a positive difference. This is probably due to the estimated scale incorporating 
some of the negative effect of the equatorial sites, leading to high latitude sites having a 
slightly positive difference.  
 
To investigate the effects on site coordinates, we analysed differenced coordinate time series 
(IG-IGB) using maximum likelihood estimation (Williams, 2008), estimating power-law plus 
white noise, as it is common in GPS coordinate time series (Williams, 2003) and can occur 
due to observation model deficiencies (Tregoning and Watson, 2009; King and Watson, 
2010).  In this case, however, there was little evidence of power law noise, and when 
analysed for white noise only, values of up to ~2.5mm were found, with the largest values in 
equatorial regions. This suggests that, in terms of coordinate time series, modelling bending 
terms will affect white noise but probably does not reduce power-law noise. We note, 
however, that those sub-daily variations in bending which are not well characterised in this 
study may propagate differently in daily batch solutions, as occurs in tidal mismodelling, for 
example (Penna et al., 2007). 
 
7. Discussion and conclusions 
This is the first time the influence of ionospheric bending terms has been assessed for a 
global GPS network. We repeat here that our results show the potential size of effects due to 
bending rather than definitive corrections due to limitations in the ionospheric data used. The 
IRI is certainly not yet a complete representation of the ionosphere. When describing the 
IRI2007 model Bilitza and Reinisch (2008) state that, due to station density, IRI predictions 
are most accurate in Northern mid-latitudes and less accurate at equatorial and auroral 
latitudes. As an example, Abdu et al. (2006) show that IRI hmF2 can differ from observational 
data by ~200km at particular times of day and year in Brazil. Gulyaeva (2009) also discusses 
deficiencies in the current IRI estimation of hmF2 and suggests possible future improvements. 
However, the current IRI is publically available and despite its imperfections we consider it a 
reasonable tool for looking at the potential size of the bending corrections and their effect on 
GPS parameters. 
 
Due to the elevation dependence of the bending terms, the majority of the effects are found in 
ZTD values, with a mean bias of up to ~1.7mm over the five studied days at ionospheric 
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maximum. When converted to precipitable water vapour, this may be regarded as a negligible 
effect on meteorological studies, although perhaps not future climatic ones. Modelling 
bending also causes effects on the z-translation (dTZ) of up to 2mm in the 90 day smoothed 
data. Effects on mean coordinates over the period 2001.0-2004.0 are less than ±0.3mm.  
  
We note that our GPS processing used an elevation cut-off of 10 degrees. As the corrections 
increase strongly at low elevations, we cannot rule out the possibility that further effects 
might be seen when processing at lower elevations. However, we would expect the 
corrections to continue to be absorbed mainly by the ZTD parameters. The similar ZTD 
biases found when processing five days with cut-off angles of 7 and 3 degrees lend some 
support to this hypothesis.  
In addition, we used daily residuals to determine constant and elevation-dependent weights 
used in a second iteration, and therefore acknowledge that alternative weighting strategies 
may yield different results. Perhaps the major remaining uncertainty that could affect our 
conclusion relates to the potential impact of our use of monthly averages of some aspects of 
sub-daily ionospheric variation at long timescales. However, at the present time, and for most 
practical purposes, the geometric and dTEC bending corrections are probably negligible at 
current GPS/reference frame precisions. 
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Fig. 1 Variability of estimated hmF2 and HF2 at 270 degrees longitude on DOY 301, 2001 with latitude and 
time.  Data from the IRI2007 model. 
 
Fig. 2  Sensitivity of the bending terms to changes in HF2 and hmF2. a) Geometric, b) dTEC, c) combined 
(for the phase LC observable). Calculated for VTEC = 150 TECU. 
 
Fig. 3  a) Global distribution of VTEC (TECU), b) combined bending effect on the LC observable (mm) 
and c) second order ionospheric effect on the LC observable (mm). Scale for b) is identical to the positive 
section of the scale for c).  Data are for one day during ionospheric maximum (DOY 301, 2001) showing 
values used/modelled in the GPS processing.  Values are estimated and plotted geographically at the point 
where the GPS signal crosses a 450km high ‘shell’ around the Earth. VTEC data are from IONEX files 
provided by CODE. 
 
Fig. 4  Examples of (top to bottom): a) estimated effects upon zenith tropospheric delay parameters, 
DOY301-305, 2001.  Effects are shown for elevation cut-off angles of 10,  7 and 3 degrees. b) Modelled 
bending LC correction, Δ d bend,  vs. elevation (red) and VMF1 wet mapping function vs. elevation (blue). 
c) Median values of Δ d bend  for each hour for 5 degrees bins plotted directly against the value of the wet 
VMF1 mapping function at the median elevations. d)  Difference in LC phase residual vs. elevation angle 
(run IGB-IG), with median values for 5 degree bins in blue.  Data for b), c) and d) is from DOY 301 2001. 
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Fig. 5  Mean difference in zenith tropospheric delay between runs IG and IGB over five days (DOY 301-
305, 2001).  Dashed line shows geomagnetic equator. Days where the site had a height uncertainty of 
>20mm were excluded. Sites shown have at least three days of data out of the five day period.  
 
Fig. 6  a) Z-translation differences (dTZ) in mm between runs N, IG and IGB. b) Scale differences 
(dScale) in ppb between runs N, IG and IGB. All data are shown with 90 day Gaussian smoothing. Data 
for N-IG are as in Petrie et al. (2010). 
 
Fig. 7  Mean coordinate differences between runs IG and IGB for the period 2001.0-2004.0. Coloured 
circles show vertical differences while arrows indicate differences in plan. 
 
 
 
 
 
 
 
 
 
Table 1 Sensitivity of bending terms to hmF2 and HF2. Calculated for VTEC = 150 TECU. 
 β /deg Δdg /mm ΔdTEC /mm Δdg  & ΔdTEC /mm 
hmF2 /km 
HF2 /km 
 250 350 500 250 350 500 250 350 500 
 55 70 90 55 70 90 55 70 90 
 89 0.15 0.11 0.08 0.31 0.22 0.16 0.16 0.11 0.07 
60 0.56 0.42 0.31 1.19 0.85 0.59 0.63 0.43 0.28 
30 3.61 2.72 2.02 7.95 5.65 3.95 4.34 2.93 1.92 
10 16.00 12.05 8.96 35.90 25.50 17.82 19.90 13.44 8.85 
5 22.18 16.71 12.43 50.02 35.52 24.83 27.83 18.81 12.40 
3 24.86 18.73 13.93 56.15 39.88 27.87 31.30 21.16 13.94 
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